Abstract The objective of this research is to study the fatigue performance of reinforced concrete (RC) T-beams strengthened in shear with Carbon Fiber Reinforced Polymer (CFRP) composite. Experiments were conducted on RC beams with and without CFRP sheets bonded on their web surfaces and subjected to static and cycling loading. The obtained results showed that the strengthened beams could survive one million cycles of cyclic loading (=50% of maximum static load) with no apparent signs of damage (premature failure) demonstrating the effectiveness of CFRP strengthening system on extending the fatigue life of structures. Also, for beams having the same geometry, the applied strengthening technique can significantly enhance the cycling load particularly, in case of beams provided with U-jacket sheets. Moreover, although the failure mode for the different beams was a brittle one, the strengthened beams provided with U-jacket sheets approved an acceptable enhancement in the structural ductility.
Introduction
Structural elements such as beams, slabs and columns may require strengthening during their service life period. The need for strengthening may arise due to one or more combination of several factors including the construction or design factors; increased load-carrying demand; change in use of structure; seismic upgrade, or meeting new code requirements. There is an increasing interest in using high strength composites to strengthen or repair RC elements. Externally bonding CFRP sheets technique is applied more and more and is becoming an attractive solution for strengthening/retrofitting the RC structures.
Since most of these elements are structural members of bridges or parking garages, there is a need to understand the fatigue behavior of RC T-beams strengthened in shear with externally bonded web CFRP sheets. Several studies have been conducted to study the flexural behavior of RC beams strengthened with CFRP sheets under static and repeated loading. Also, several studies concerning the shear behavior of RC beams strengthened in shear with CFRP sheets under static loading were presented [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, few are known about the fatigue behavior of RC beams strengthened in shear with CFRP sheets [12] [13] [14] . As a result, this research focuses on the study of the fatigue behavior of RC T-beams strengthened externally with bonded web CFRP sheets. The parameters studied were, the configurations of the bonded CFRP sheets and the volume of internal steel stirrups and the state of loading (static and repeated).
Tests on twelve RC beams strengthened in shear with externally bonded CFRP sheets have been used in this research to study not only the contribution of the bonded CFRP sheets to the shear strength of RC T-beams, but also the effect of CFRP composite strengthening system on the fatigue performance, where the following parameters are investigated: (1) the configuration of bonded web CFRP strips and (2) the internal transverse-steel ratio. Also, the influence of used strengthening technique on the structural ductility and the occurred failure mode was studied in this research. Moreover, the obtained results concerning the maximum load are used to study the applicability of the analytical models (American Concrete Institute ACI 440 [15] and Egyptian code EC 208 [16] ) to predict the load carrying capacity of RC beams strengthened in shear with bonded CFRP sheets.
Layout of experiments and test procedure

Main experimental program
Twelve RC T-beams deficient in shear strength were tested under a two-point loading bending test over a simple span of 2000 mm (shear-span to depth ratio a/d = 2.5, effective depth d % 280 mm). Six were tested statically, designated as CS. Table 1 .
Beams CS.0, DS.0, CR.0 and DR.0, were tested in their original condition as control ones (without strengthening). These beams were designed to fail mainly due to shear. Beams CS.1, DS.1, CR.1 and DR.1, were strengthened with twelve CFRP strips of 100 mm width and 200 mm spacing (six strips per shear-span, effective cross-sectional area of fiber sheets of 78 mm 2 per shear-span). These strips of CFRP sheets were bonded to the two vertical sides of the beam. However, beams CS.2, DS.2. CR.2 and DR.2 were strengthened with six U-jacket strips (three U-jacket strips each of 100 mm in width per shear-span). The CFRP strips were with the fibers oriented vertically (h = 90°) and distributed uniformly along the shearspan of the beam, see Fig. 2 .
Materials
The tested beams were made by a normal strength coarse aggregate concrete of 20 mm maximum nominal size. The concrete mix achieves mean splitting strength and Young's modulus of 2.85 and 23,000 N/mm 2 respectively. The mean compressive strength for the standard cube (f c ) and standard cylinder ðf 0 c Þ after 28 days (the time of testing) for the different tested beams is listed in Table 1 .
Deformed bars (Steel 400/600: Proof stress, tensile strength and Young's modulus are 412, 673 and 215,000 N/mm 2 ) of 18 mm diameter were used as main internal bottom reinforcement. However, plain bars (Steel 240/350: yield strength, tensile strength and Young's modulus are 255, 380 and 205,000 N/mm 2 ) of 6 mm diameter were used for internal stirrups. Also, plain bars (Steel 240/350: yield strength, tensile strength and Young's modulus are 265, 390 and 208,000 N/ mm 2 ) of 8 mm diameter were used internal top reinforcement. The external reinforcement was a CFRP sheet. Such CFRP sheet is available in rolled sheet of 0.13 mm effective thickness, 300 mm width and 50 m length. The effective thickness gives the section of the fibers in each single ply. The rupture strength, ultimate strain and Young's modulus of such CFRP sheet are (in accordance with the manufacturer [17] ) 3500 N/ mm 2 , 1.5% and 230,000 N/mm 2 respectively. An epoxy mortar layer of about 2 mm thickness was applied to all the strengthened beams as a substratum to the CFRP sheets. This epoxy mortar is completely cured within a period of 24 h after application. The compressive, bending and tensile strengths of this mortar are (in accordance with the manufacturer [17] ) 80, 20 and 6.5 MPa respectively. 
Beams' preparation
The beams were prepared for bonding after a period of 3 weeks from casting. The surfaces to be strengthened were roughened using a grinding technique. Moreover, in case of strengthened beams provided with U-jacket sheets, the corners where the U-jacket sheets were applied had been rounded in a curved shape of about 50 mm in diameter. Before the application of epoxy mortar layer, the roughened surfaces were cleaned by brushing and compressed air to remove any attached fine materials.
Measuring devices
The deflection at mid-span was measured by means of a dial gauge with an accuracy of 0.01 mm. This dial gauge was fixed properly at mid-span of the tested beams to achieve accurate measurements. Also, to measure the strain induced in the bonded CFRP sheet in the vertical direction, two electrical strain gauges (one of each strip) of 10 mm gauge length were attached at the surface of the outer bonded CFRP sheets, see Fig. 2 . These electrical strain gauges were fixed at 7 and 16 cm from the bottom fiber of the beam in case of strain gauges No. 1 and No. 2 respectively. These certain points were selected where the path of the major crack of the control beam crosses the locations of the center lines of bonded strips.
Test procedure
All beams were tested over a simple span of 2000 mm, and the load was applied through two symmetrical points of 600 mm apart, see Fig. 2 . In static tests, the load was applied incrementally. In repeated tests, the maximum applied repeated load was taken as one-half of the failure load of the corresponding beam tested statically, and the minimum load was constant at 14 kN (weight of steel tare of the used testing machine). The frequency was chosen to be 250 load cycles per minute (=4.16 cycles per sec. = 4.16 Hz), although Barnes and Mays [12] suggested keeping the testing frequency below 3 Hz to avoid a hysteresis effect due to the limited possibility of the laboratory. The loading regime of beams tested under repeated loading is shown in Fig. 3 . The tested beams were first Fatigue behavior of RC T-beamsstrengthened in shear with CFRP sheetssubjected to static cycle, part ab; the minimum load was firstly applied to the tested beams then the load was applied statically in increments up to maximum fatigue load level. At the end of the first static cycle, the repeated loading was applied for the first half million cycles, part bc. After that the repeated loading was stopped, and the load was released gradually to the minimum load, part cd. This minimum value (14 kN) was maintained constant for a rest period of about 6 h to count for the practical circumstances, part de. At the end of the rest period, the beam was reloaded with the same sequence of loading (statically), part ef. After that the repeated loading was reapplied for the second half million cycles. The repeated loading was then stopped, and the load was released again to the minimum value, part gh. After that the beams were finally tested statically up to failure, part hk. The readings of both strain and dial gauges were recorded at the different load cycles.
Moreover, both the initiations and propagation of the occurred cracks were noticed and recorded during the test.
3. Discussion and analysis of experimental results
Cracks pattern and mode of failure
For the different beams tested under repeated loading, the first static cycle was carried up to one-half of the maximum static load of the corresponding beam tested under static loading. Therefore, except for the control beam CR.0 in which the first crack was observed as a shear one within the shear-span region, the initiation of the first crack was a flexural one within the central region of a constant moment for the remainder of beams CR. For the different beams tested under repeated loading, although the shear cracks initiated during the application of the first static cycle of loading, the major shear crack had not initiated yet when starting to apply the repeated loading. As a matter of fact, the major shear crack initiated during the application of the repeated loading. For beams CR.0 and CR.1, the major crack initiated during the first cycle of repeated loading at number of cycles of 300, 350 thousand respectively, however, it initiated within the second cycle of repeated loading at number of cycles of 550, 550, 600 and 900 thousand for beams CR.2, DR.0, DR.1 and DR.2 respectively. It is worthwhile to mention that, for the different beams tested under repeated loading, the shear cracks initiated and propagated upward during the first cycle of repeated loading (the first half million cycles). Also, for these beams, in addition to cracks (shear and flexural cracks) formed during both the first static cycle and the first cycle of repeated loading, a few number of cracks (flexural and flexural-shear cracks) were formed along the beam's span during the second cycle of repeated loading (the second half million cycles), see Figs. 4 and 5.
When considering the formed cracks for beams tested under repeated loading, although the repeated load of the strengthened beams was more than that of the corresponding control beams (the repeated loads were 80, 95 and 100 kN for beams CR.0, CR.1 and CR.2 respectively and were 108, 125 and 139 kN for beams DR.0, DR.1 and DR.2 respectively), at the same number of loading cycles, the strengthened beams showed approximately the same number of shear cracks in comparison with the corresponding control beams. Moreover, at the same number of loading cycles, the strengthened beams showed a decrease in both propagation and width of shear cracks in comparison with the corresponding control beams, particularly in case of beams strengthened with U-jacket CFRP sheets (CR.2 and DR.2). This is attributed to the fact that the bonded CFRP strips obstruct the path of shear cracks and constrain their propagations. On the contrary, at the same number of loading cycles, the strengthened beams showed an increase in the number and propagation of flexural cracks in comparison with the corresponding control beams. This is attributed to the fact that, the repeated load of the strengthened beams was more than that of the corresponding control beams. Moreover, the slight increase in the flexural stiffness due to the existing the web CFRP sheets does not compensate the increase in the applied repeated load.
The different beams were capable of sustaining the applied repeated load for a million cycles without any premature failure. As a consequence, the failure occurred at the final cycle of static loading. As a result, when considering the failure mode, the beams tested under repeated loading failed in the same manner as the corresponding beams tested statically. As a consequence, three mechanisms of failure were recognized for the tested beams. The first one was in a brittle manner (traditional shear) and occurred in case of the control beams (CS.0, DS.0, CR.0 and DR.0), see Figs. 4 and 5. The second mechanism was a shear one accompanying with a partial cover delamination of the outer and middle CFRP sheets and occurred in case of the strengthened the beams provided with sheets bonded to the sides only (CS.1, DS.1, CR.1 and DR.1), see Figs. 4 and 5. The third mechanism was a shear one accompanying with rupture of the outer CFRP sheet as well as crushing of concrete in the shear crack path's region (crushing of concrete struts). Such a failure mechanism was recorded in case of strengthened beams provided with U-jacket CFRP sheets (CS.2, DS.2, CR.2 and DR.2), see Figs. 4 and 5. In case of strengthened beams provided with internal steel stirrups, the failure modes mentioned before were preceded by yielding of such stirrups. Approximately, a similar trend and observations to what mention above were recorded by Chaallal et al. [13] .
Generally, at failure, beams tested under repeated loading (CR.0, CR.1, CR.2, DR.0, DR.1 and DR.2) showed more or less a similar observation in both number and propagation of cracks in comparison with the corresponding beams tested statically (CS.0, CS.1, CS.2, DS.0, DS.1 and DS.2). Moreover, at failure, the strengthened beams showed an increase in the total number of flexural cracks in comparison with the corresponding control beams, particularly for beams strengthened with U-jacket CFRP sheets (CR.2 and DR.2). This is attributed to the fact that, the failure load of strengthened beams was more than that of the corresponding control beams, see Figs. 4 and 5.
Cracking and maximum loads
For the different tested beams, a summary of the obtained data concerning both cracking and maximum loads is presented in Table 2 . These data include cracking load in terms of P fl,s (static load at which the flexural crack initiated), P sh,s(1) (static load at which the shear crack initiated), P sh,s(2) (=static load at which the major shear crack initiated P the service load P ser conditioning an upper limit of the internal steel stirrups' strain of 0.002 in order to control shear crack width), P sh,r(1) (repeated load at which the shear crack initiated), P sh,r (2) (=repeated load at which the major shear crack initiated P the service load P ser ). Also, both the maximum static load P max and the percentage (%) of improvement in the maximum load (the ratio of the increase in the maximum load of the strengthened beam over the maximum load of the control beam R) for the different beams are presented in Table 2 .
For the different beams tested under repeated loading, the first static cycle of loading was carried up to one-half of the maximum static load of the corresponding beams tested statically (P r = 80, 95, 100, 108, 125 and 139 kN for beams CR.0, CR.1, CR.2, DR.0, DR.1 and DR.2 respectively). From Table 2 , it is obvious that, in case of beams tested under repeated loading, except for the control beam CR.0 in which the first crack was observed as a shear one (P sh,s(1) = 70 kN), the first crack initiated as a flexural one within the central region in case of the remainder of beams (P fl,s = 85, 85, 80, 80 and 90 kN for beams CR.1, CR.2, DR.0, DR.1 and DR.2 respectively). Or by other words, concerning the first cracking condition, the different beams tested under repeated loading behave in a similar way as those of the corresponding beams tested statically.
For the different beams tested under repeated loading, although the shear cracks initiated during the application of the first static cycle of loading, the major shear crack had not initiated yet when starting to apply the repeated loading. As a consequence, the major shear crack initiated during the application of the repeated loading. For beams CR.0 and CR.1, the major crack initiated during the first cycle of repeated loading at number of cycles of 300, 350 thousand respectively; however, it initiated within the second cycle of repeated loading at a number of cycles of 550, 550, 600 and 900 thousand for beams CR.2, DR.0, DR.1 and DR.2 respectively. Or by other words, when considering the load at which the major crack initiated (P the service load P ser = P sh,s (2) in case of beams tested statically, =P sh,r (2) in case of beams tested under repeated loading), the strengthened beams showed an improvement in the number of cycles N in comparison with the corresponding control ones in spite of the increase in the repeated load. The percentage of increase in the repeated load were 18.8%, 25.0%, 15.7% and 28.7% and the improvement in the number of cycles were 16.7%, 83.3%, 9.1% and 63.6%, for beams CR.1, CR.2, DR.1 and DR.2 respectively, see Table 2 and Fig. 6 . It is worth noting that, in comparison with the corresponding control ones CS.0 and DS.0, the strengthened beams tested statically showed an improvement in the obtained maximum load amount to 42.9%, 57.1%, 30.0% and 30.0% in case of beams CS.1, CS.2, DS.1 and DS.2 respectively.
For both control and strengthened beams, beams tested under repeated loading (CR.0, CR.1, DR.0, DR.1 and DR.1) showed a maximum load of approximately equal to the corresponding beams tested statically. Only in case of beam CR.2 provided with bonded U-jacket FRP sheets, the maximum load was reasonably higher in comparison with that tested statically CS.2. This beam was provided with no internal stirrups. Accordingly, for the different tested beams -either tested statically or tested under repeated loading -when considering the maximum load condition, the strengthened beams showed an improvement in the obtained maximum load P max in comparison with the corresponding control ones. The percentage of improvement mount to 18.8%, 25.6%, 18.1% and 29.3% higher than the corresponding control ones in case of beams tested statically CS.1, CS.2, DS.1 and DS.2 respectively; however, it mount to 24.5%, 47.1%, 20.5% and 29.1% higher than the corresponding control ones in case of beams tested under repeated loading CR.1, CR.2, DR.1 and DR.2 respectively, see Table 2 . Approximately, a similar trend to what mention above concerning the obtained maximum load was recorded by Chaallal et al. [13] and Bae et al. [14] .
Deflections
The load-mid span deflection diagrams for each of the beams tested under repeated loading in comparison with the corresponding beams tested statically are shown in Figs. 7 and 8. Also, the collective load-mid span deflection diagrams of the final static cycle are given in these figures for the different tested beams (groups C and D). Moreover, the maximum mid-span deflection at failure D max and those corresponding to both service load D ser and 50% of the maximum load of the corresponding beams tested statically D 0 . 5P are given in Table 2 for the different tested beams. Also, the mid-span deflections after applying one-half million cycles (D 1 ) as well as that after one million cycles (D 2 ) are given in Table 2 for the different beams tested under repeated loading. Moreover, the permanent (residual) mid-span deflection after the removal of the repeated load (the load released gradually to the minimum value of 14 kN) was measured and listed in Table 2 : (D 3 ) after applying one-half million cycles and the removal of the repeated load, (D 4 ) after applying one million cycles and the removal of repeated load. It is worthwhile to note that, the service load for beams failed mainly due to shear is defined as the load at which the significant (major) shear cracks initiated. Fatigue behavior of RC T-beamsstrengthened in shear with CFRP sheets-The strengthened beams showed a lower decrease in flexural stiffness due to the exposure to repeated loading in comparison with the corresponding control beams. For beams provided with no internal stirrups (group C), due to the exposure to one-half and one million cycles, the percentage of decreasing were 52.8% and 61.1% for the control beam; however it was about 20.0% and 30.0% for the strengthened beams. Also, for beams provided with internal stirrups (group D), and due to the exposure to one-half and one million cycles, the percentage of decreasing were 23.3% and 37.5% for the control beam; however, it was about 19.0% and 30.0% for the strengthened beams. -The strengthened beams tested under repeated loading and provided with U-jacket CFRP sheets showed more or less the same maximum mid-span deflections 2), the strengthened beams provided with U-jacket CFRP sheets showed a reasonable ductile behavior up to load level just before failure. As a consequence, the strain induced in tension bars was approaching considerably to the yielding value, especially in case of beams provided with internal stirrups (DS.2 and DR.2).
Residual mid-span deflection
After the removal of the repeated load, either after one-half or one million cycles, the residual mid-span deflection occurred in the strengthened beams was smaller than that of the corresponding control beams, particularly in case of beams provided with bonded U-jacket CFRP sheets. After one-half million cycles, the residual mid-span deflection was 1. Figure 9 The ratio of repeated load to mid-span deflection after a number N of zero, one-half and one million cycles (P r /D 0.5P , P r / D 1 , P r /D 2 ).
42.9%, 58.2%, 51.5% and 42.3% for beams CR.0, CR.1, CR.2, DR.0, CR.1 and DR.2 respectively, see Fig. 10 .
In light of the short discussion presented previously regarding the residual mid-span deflection, it is worthwhile to mention that, the enhancement in the residual mid-span deflection is attributed to the contribution of the bonded CFRP sheets due to the linear behavior of these composite materials up to failure as long as there is no debonding is occurred in the bonded CFRP strips. This is obviously noticed in case of beams strengthened with bonded U-jacket CFRP sheets, where the failure occurred as a shear one accompanying with cut off the outer CFRP sheet without either cover delamination or debonding for the bonded CFRP strips.
Strains and residual strains in CFRP sheets
By means of strain gauges fixed on CFRP sheets at the positions of the major shear crack occurred in case of the corresponding control one, the values of the strains induced in the CFRP sheets, either U-jacket sheets or that bonded to the sides only, were measured for the different CFRP strips (strain gauge No. 1 (SG.1) for the outer strips, strain gauge No. 2 (SG.2) for the neighboring strips), see Fig. 2 Fatigue behavior of RC T-beamsstrengthened in shear with CFRP sheetslarly beyond load level of about 0.50 the repeated load. This is attributed to the fact that a slight partial debonding on the bonded strips occurred. -Due to the exposure to the repeated loading, just after onehalf million cycles, although the repeated load in case of the strengthened beams provided with internal stirrups DR.1 and DR.2 was more than those provided with no internal stirrups CR.1 and CR.2, these beams showed smaller values of CFRP strains, where CFRP strain induced in the outer strip was 0.466&, 0.593&, 0.401& and 0.429& for beams CR.1, CR.2, DR.1 and DR.2 respectively. However, after one million cycles, the strengthened beams DR.1 and DR.2 showed CFRP strain more or less the same as that of beams CR.1 and CR.2, where the CFRP strain induced in the outer strip was 0.678&, 0.785&, 0.770& and 0.690& for beams CR.1, CR.2, DR.1 and DR.2 respectively. It is worthwhile to notice that, for the different strengthened beams tested under repeated loading, after the exposure to the repeated loading of one million cycles, the maximum strain induced in CFRP sheet is too small (4&) to cause a delamination of concrete cover. This confirm the contribution of the applied strengthening technique to resist the repeated loading, -At the final cycle of static loading, in case of the beams provided with U-jackets sheets, the measured CFRP strain increase as the applied load increase up to the failure load level. The rate of increasing was more at higher levels of loading. However, in case of the beams provided with CFRP strips bonded to the sides only, at higher levels of loading, the measured CFRP strain decreases due to debonding of the bonded CFRP strips. In general, at failure, the strengthened beams tested under repeated loading showed more or less the same CFRP strain in comparison with the corresponding strengthened beams tested statically, see Figs. 11 and 12. -After the removal of the repeated load, either after one-half million or after one million cycles, although the repeated load in case of the strengthened beams provided with internal stirrups DR.1 and DR.2 was more than those provided with no internal stirrups CR.1 and CR.2, the maximum residual CFRP strains for these beams was smaller than that of the corresponding beams provided no internal stirrups. The residual CFRP strains, after the removal of the first one-half million cycles, was 0.257&, 0.350&, 0.200& and 0.230& for beams CR.1, CR.2, DR.1 and DR.2 respectively. However, after the removal of the second one-half million cycles, the residual CFRP strains were 0.550&, 0.580&, 0.540&and 0.430& for beams CR.1, CR.2, DR.1 and DR.2 respectively.
Structural ductility
Swamy et al. [18] concluded that ductility of RC beams strengthened externally by means of bonded reinforcement could be measured based on structural characteristics such as mid-span deflection, curvature, or energy absorption capacity as represented by the area under the load-deflection curve. The different codes do not mention any ductility requirements for beams failed mainly due to shear. Although the control beams failed mainly due to shear (traditional shear) do not provide any ductile behavior, the beams strengthened with U-jacket CFRP sheets showed an acceptable ductile behavior, particularly for beams provided with internal stirrups. Based on the service load, the ductility index (l D ) could be measured as the mid-span deflection at peak load (D 1 ) over that corresponding to the service load D 2 . Table 2 shows the ductility index (l D ) for the different tested beams based on the service load. From Table 2 , it is obvious that, for beams tested under repeated loading, the strengthened beams showed a reasonable improvement in the measured ductility in comparison with that of the corresponding control beams. Moreover, in case of beams tested under repeated loading, the ratio of the ductility index (l D ) of the strengthened beams to that of the corresponding control beam was more or less similar to that of beams tested statically. This ratio was 1.17, 1.43, 1.20 and 1.37 for beams tested statically, CS.1, CS.2, DS.1 and DS.2 respectively, and was 1.25, 1.42, 1.20 and 1.21 for beams tested under repeated loading CR.1, CR.2, DR.1 and DR.2 respectively.
Analytical study
Shear capacity of strengthened beam
As discussed before, for the different beams tested under repeated loading, the failure had not occurred yet after completing a million cycles of repeated loading. Then, the repeated loading was then stopped, and the load was released to the minimum value (14 kN). After that the beams was reloaded statically up to failure. Therefore, the shear capacity of the strengthened beam may be calculated in a similar way as that tested statically. As a consequence, the shear capacity of the strengthened beam may be calculated in a similar way as the control beam (without strengthening). As it is known that, according to both ACI 318 [19] and ECCS [20] , the shear capacity of the control beam is estimated based on truss analogy but the Egyptian code attested a reduction factor of 50% in the contribution of the concrete in order to control shear crack width and loss of aggregate interlock, see Eq. (2) . As a result, in case of ACI code, the nominal shear strength of a R.C. beam strengthened in shear by means of externally bonded CFRP side strips (v n ) can be predicted as a sum of the shear resisting contributions of the concrete (v c ), steel stirrups (v s ) and bonded fiber (v f ) according to Eq. (1). However, in case of Egyptian code, the shear strength of a strengthened beam can be predicted according to Eq. (2). 
where A st and A wf are the cross-sectional area of the internal and external web reinforcement respectively, f y,st is the yield strength of internal web reinforcement, f c and f 0 c are the concrete compressive strengths for cube and cylinder respectively, q s (=A s /b w d s ) is the ratio of internal tension reinforcement, d s and b w are the effective depth and web width of the beam respectively, s s and s f are the spacing between internal and external web reinforcement respectively, M u /F u represents the shear span (a), E f and e f,eff are the modulus of elasticity and effective strain of the bonded fiber strips and h,a s and a f are inclination of major diagonal shear crack, steel stirrups and bonded fibers strips respectively.
The shear strength contribution of the externally bonded web FRP reinforcement depends mainly on its effective strain e f,eff , see Eq. (5). As a matter of fact, there are several factors affect on the induced effective strain of the bonded web FRP reinforcement, such as: the configuration of the formed main shear crack along its length, the bond strength between the FRP strips and the concrete surface, and the anchorage length. The last two parameters, the bond strength and the anchorage length, represent the anchoring force of the bonded web FRP reinforcement. Also, the local debonding of the bonded FRP web reinforcement at both sides of the main shear crack plays a significant role on the induced effective strain e f,eff . Based on the extensive and specific research data by Triantafillou [21] and Khalifa et al. [22] , both ACI 440 [15] and EC 208 [16] proposed a more deterministic approach to predict the effective strain e f,eff as a function of E f , t f , e f,u and f c , see Eqs. (6)- (10) . The obtained expressions were derived based on the fact that the contribution of the bonded web FRP reinforcement equals to the difference between the maximum load of the strengthened beam and that of the control beam, and assuming diagonal shear crack with h = 45°. Also, Mofidi and Chaallal [10] suggested an upper limit of the effective strain e f,eff is recommended (e f,eff 6 0.004) in order to control shear crack width and loss of aggregate interlock. e f;eff ¼ k v Â e f;u 0:004 ð6Þ
L e ¼ 23; 300
ACI 440 ½ ð 9:aÞ
EC 208 ½ ð 9:bÞ 
Evaluation of applied analytical models
After calculating the effective strain of the CFRP bonded sheets e f,eff , the shear contribution of externally bonded CFRP sheets (v f ) was calculated according to the proposed models applied in this study ''ACI 440 [15] and EC 208 [16] '', see Eqs. (5)- (10) . Consequently, the nominal shear strength (v n ) of the different tested beams was predicted as a sum of the shear resisting contributions of the concrete (v c ), steel stirrups (v s ) and bonded web CFRP sheets (v f ). The load carrying capacity P n {=2V n = 2 (v n b w d s )} for the different tested beams was calculated according to the proposed models applied in this study and listed in Table 3 . On the basis of both the experimental and predicted results concerning the load carrying capacity, it is obvious that both the models proposed in this study (ACI and Egyptian codes) showed an underestimate to predict the nominal shear strength of RC beams strengthened in shear with bonded web CFRP sheets, see Table 3 and Fig. 13 . Although these models proved an underestimation, ACI code showed more approaching the experimental results than that of Egyptian code. It is worth- while to mention that the underestimation of the studied models in predicting the nominal shear strength is attributed, from the author's point of view, to the fact that these models overlooked the impact of the shape of cross-section and thus they dealt with the T-section as a rectangular section {V n = v n (b w d s )}, Farghal [23] . This may be acceptable in the case of predicting the shear contributions of both internal stirrups and bonded CFRP sheets, since they are provided within the web of the cross-section only. In fact, however, when dealing with the shear contribution of concrete, a particular part of the flange of the cross-section behaves as a significant part of the effective section. Consequently, this part of the flange is to be considered when predicting the shear contribution of concrete, see Fig. 14.
Conclusions
On the basis of the results of both static and repeated experiments carried out on RC T-beams strengthened in shear with bonded CFRP sheets, the following conclusions can be drawn out:
Externally bonded CFRP sheets can be used to enhance the shear capacity of RC T-beams subjected to repeated loading, particularly in case of beams provided with U-jacket strips. The different strengthened beams survived a million cycles without any apparent signs of damage, demonstrating thereby the effectiveness of the used strengthening technique on extending the fatigue life of a structural element.
The different beams were capable of sustaining 50% of their static maximum load for a million load cycles without failure. Therefore, the failure occurred at the final cycle of static loading. As a consequence beams tested under repeated loading failed in the same manner as the corresponding beams tested statically. Three mechanisms of failure were recognized. The first one was in a brittle manner (traditional shear) and occurred in case of the control beams (without strengthening). The second mechanism was a shear one (a combination of crushing of concrete struts and partial delamination of the outer and middle CFRP strips) and occurred in case of strengthened beams provided with CFRP sheets bonded to the sides only. The third mechanism was a shear one (a combination of crushing of concrete struts, cut off the outer CFRP strips, and yielding of internal stirrups when existed) and occurred in case of strengthened beams provided with U-jacket CFRP sheets. For the different beams tested under repeated loading, the major shear crack initiated while applying the repeated loading. This crack initiated at a higher number of load cycles in case of the strengthened beams in comparison with the corresponding control beams although the value of the repeated load for the strengthened beams was more than that of the corresponding control beams. Consequently, the strengthened beams showed an enhancement in the value of repeated load together with the number of load cycles.
For the different strengthened beams tested under repeated loading, the residual shear strength appeared to be greater than that of the corresponding control beams. Further- Beam No.
Max. Load (KN)
Pmax (Exper. Max. Load) Pn (ACI Code) Pn (Egyptian Code) Figure 13 Predicted maximum load P n in comparison with that obtained experimentally P max . Figure 14 Configuration of the main inclined crack and effective concrete area.
more, for the different strengthened beams tested under repeated loading, the residual shear strength appeared to be approximately equal to that of the corresponding beams tested statically. Due to the exposure to the repeated loading, either after one-half million or after one million cycles, although the repeated load in case of the strengthened beams was more than that of the corresponding control beams, these beams showed more or less the same mid-span deflections as that of the corresponding control beams. Both the control beams and strengthened beams provided with CFRP strips bonded to the sides only, and tested under repeated loading, showed a higher maximum midspan deflections D max in comparison with those of the corresponding beams tested statically. However, the strengthened beams provided with U-jacket strips and tested under repeated loading, showed more or less the same maximum mid-span deflections D max as those of the corresponding beams tested statically. After the removal of the repeated load, either after one-half and one million cycles, the residual mid-span deflection occurred in the strengthened beams was smaller than that of the corresponding control beams, particularly in case of beams provided with bonded U-jacket CFRP sheets. The ratio of the residual mid-span deflection to that corresponding to 0.5P max was 54.9% and 60.0% for the control beams; however, this ratio was 22.8% and 37.7% for the strengthened beams provided with U-jacket strips.
Comparison between the performance of tested beams with and without internal transverse steel stirrups seems to indicate that existing of internal steel stirrups extends the fatigue life of RC beams. Although the failure mode for the different beams was a brittle one, the strengthened beams provided with U-jacket strips showed more or less a ductile behavior at a higher loading level up to a load level just before failure. As a consequence, these beams approved an acceptable enhancement in the structural ductility. Due to the limited number of tested beams carried out in this research, more experimental works are still required to form the basis of rational method of design for fatigue resistance of RC T-beams strengthened in shear with bonded CFRP sheets.
The mathematical models applied in this research (ACI and Egyptian codes) showed underestimated values to predict the nominal shear strength of RC beams strengthened in shear with bonded web CFRP sheets. Although these models proved an underestimation, ACI code showed more approaching to the experimental results than that of Egyptian code. Due to the limited number of tested beams carried out in this research, more experimental works are still required to form the basis of rational method of design for fatigue resistance of RC T-beams strengthened in shear with bonded CFRP sheets.
